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Ocean Alkalinity Enhancement (OAE) simultaneously mitigates atmospheric

concentrations of CO2 and ocean acidification; however, no previous studies have

investigated the response of the non-linear marine carbonate system sensitivity to

alkalinity enhancement on regional scales. We hypothesise that regional implementations

of OAE can sequester more atmospheric CO2 than a global implementation. To

address this, we investigate physical regimes and alkalinity sensitivity as drivers of the

carbon-uptake potential response to global and different regional simulations of OAE. In

this idealised ocean-only set-up, total alkalinity is enhanced at a rate of 0.25 Pmol a-1

in 75-year simulations using the Max Planck Institute Ocean Model coupled to the

HAMburg Ocean Carbon Cycle model with pre-industrial atmospheric forcing. Alkalinity

is enhanced globally and in eight regions: the Subpolar and Subtropical Atlantic and

Pacific gyres, the Indian Ocean and the Southern Ocean. This study reveals that regional

alkalinity enhancement has the capacity to exceed carbon uptake by global OAE.

We find that 82–175 Pg more carbon is sequestered into the ocean when alkalinity

is enhanced regionally and 156 PgC when enhanced globally, compared with the

background-state. The Southern Ocean application is most efficient, sequestering 12%

more carbon than the Global experiment despite OAE being applied across a surface

area 40 times smaller. For the first time, we find that different carbon-uptake potentials

are driven by the surface pattern of total alkalinity redistributed by physical regimes

across areas of different carbon-uptake efficiencies. We also show that, while the marine

carbonate system becomes less sensitive to alkalinity enhancement in all experiments

globally, regional responses to enhanced alkalinity vary depending upon the background

concentrations of dissolved inorganic carbon and total alkalinity. Furthermore, the

Subpolar North Atlantic displays a previously unexpected alkalinity sensitivity increase in

response to high total alkalinity concentrations.

Keywords: climate change mitigation, carbon cycle, ocean alkalinity enhancement, biogeochemical modelling,

alkalinity sensitivity, carbonate system

1. INTRODUCTION

Ocean Alkalinity Enhancement (OAE) is a strategy to remove CO2 directly from the atmosphere
by adding processed minerals [e.g., lime (Ca(OH)2) or olivine (Mg2SiO4)] to marine areas. OAE
increases the CO2 buffering capacity of the ocean (de Coninck et al., 2018), which subsequently
strengthens the oceanic CO2 uptake (Köhler et al., 2010; Hartmann et al., 2013). The addition of
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processed minerals is an acceleration of the natural delivery of
weathered material that currently leads to the sequestration of
∼0.25 PgC a-1 (Taylor et al., 2016). Previous simulations of global
alkalinity enhancement reveal spatially heterogeneous changes
in the oceanic carbon inventories (Keller et al., 2014; González
and Ilyina, 2016; Fröb et al., 2020), which indicates a regional
sensitivity to alkalinity enhancement. Here, we investigate the
drivers of these regional sensitivities and the response of the
non-linear marine carbonate system to OAE.

The oceanic CO2 uptake is strengthened by OAE because
of the non-linearity of the marine carbonate system, which
modulates the transfer of CO2 between the atmosphere and
ocean. Total Alkalinity (TA), defined as the weighted sum
of charged ion concentrations in seawater (Dickson, 1981;
Zeebe and Wolf-Gladrow, 2003), is added by dissolving alkaline
minerals, which release proton acceptors that bind with free
hydrogen ions and increase pH (Renforth and Henderson,
2017; Middelburg et al., 2020). The decreased hydrogen
ion concentration shifts the dissolution equilibrium of CO2,
favouring the dissociation of aqueous CO2 to bicarbonate
(HCO3

−) ions (Zeebe and Wolf-Gladrow, 2003; Renforth and
Henderson, 2017). The establishment of this new balance of
the carbonate system in seawater reduces the concentration of
aqueous CO2. Subsequently the partial pressure relative to the
atmosphere decreases, which leads to a higher CO2 solubility.
While the dissociation equilibrium is dependent upon the
partial pressure of CO2, temperature and salinity (Renforth and
Henderson, 2017; Middelburg et al., 2020), the magnitude of the
enhanced CO2 sequestration due to OAE depends on the initial
state of the marine carbonate system (Köhler et al., 2010).

González and Ilyina (2016) propose that physical regimes,
which influence temperature and salinity, and marine carbonate
system states drive the regionally varying response to global OAE
in their simulations. However, previous simulations of regionally
deployed alkalinity enhancement reach seemingly contradictory
conclusions. In a pioneering study to assess the potential of
alkalinity enhancement to mitigate atmospheric CO2 and ocean
acidification, Ilyina et al. (2013b) conclude that the carbon-
uptake potential of an OAE pulse depends on the dominant
hydrodynamic regime. In contrast, a later study by Lenton et al.
(2018) to determine CO2 sequestration under different emission
scenarios finds little sensitivity in the global response to OAE
applied across different latitudinal bands. The comparability of
these studies is limited primarily by their experimental designs,
unlimited (Ilyina et al., 2013b) in contrast to limited (Lenton
et al., 2018) alkalinity enhancement, and the use of models of
varying complexity, ocean-only (Ilyina et al., 2013b) vs. Earth
system (Lenton et al., 2018). As of now, it is still unknown what
influence physical circulation andmarine carbonate system states
have on regional alkalinity enhancement and, subsequently, on
the CO2 buffering capacity and alkalinity sensitivity.

We evaluate the influence of physical circulation and marine
carbonate system states on alkalinity enhancement in simulations
of global and regional OAE using an idealised set-up of the ocean-
only model, MPIOM-HAMOCC. To investigate the impact of
OAE on the CO2 buffering capacity, we quantify the impact of
alkalinity enhancement globally and across eight selected regions

on oceanic CO2 sequestration. Furthermore, we analyse the
response of alkalinity sensitivity with simulated deployments of
global and regional OAE.

2. METHODOLOGY

2.1. Model Description
Our experiments are simulated using the physical and
biogeochemical ocean model components of the Max Planck
Institute for Meteorology Earth System Model version 1.2
(MPI-ESM1.2) as used in the 6th-phase of the Coupled
Model Intercomparison Project (Mauritsen et al., 2019). The
Max Planck Institute Ocean Model version 1.6 (MPIOM1.6)
simulates the physical ocean and the oceanic components of
the cryosphere (Marsland et al., 2003; Jungclaus et al., 2013;
Mauritsen et al., 2019) and provides the 3-dimensional flow fields
and turbulent mixing schemes required for the advection and
mixing of biogeochemical tracers (Ilyina et al., 2013a; Mauritsen
et al., 2019). The HAMburg Ocean Carbon Cycle version 6
(HAMOCC6) model simulates the transport and evolution of
biogeochemical tracers at the air-sea interface and within the
water column and surface sediment layers of the global ocean
(Ilyina et al., 2013a).

The transport and evolution of biogeochemical tracers
simulated byHAMOCC6 provides a limited representation of the
ocean biogeochemistry response to OAE. Within HAMOCC6,
the organic compartments are resolved through an extended
Nutrient, Phytoplankton, Zooplankton and Detritus scheme
(Six and Maier-Reimer, 1996) with prognostic parameterisations
of bulk phytoplankton, cyanobacteria and zooplankton (Ilyina
et al., 2013a; Paulsen et al., 2017). Inorganic carbon chemistry
within the water column is resolved by HAMOCC6 through two
prognostic tracers: Dissolved Inorganic Carbon (DIC) and TA
(Ilyina et al., 2013a). DIC is computed as the sum of aqueous
CO2, carbonic acid (H2CO3), bicarbonate ions (HCO3

−) and
carbonate ions (CO3

2−) (Orr et al., 2017):

[DIC] = [CO2]+ [H2CO3]+ [HCO−

3 ]+ [CO2−
3 ] (1)

Following Orr et al. (2017), TA explicitly considers contributions
from carbonate, borate, sulphate, silicate, phosphate, fluoride
and water and implicitly considers the influences of ammonia
and sulphide:

[TA] =[HCO−

3 ]+ 2[CO2−
3 ]+ [B(OH)−4 ]+ [OH−]+ [HPO2−

4 ]

+ [PO3−
4 ]+ [SiO(OH)−3 ]− [H+]− [HSO−

4 ]

− [HF]− [H3PO4]

(2)

The solubility dependent uptake of atmospheric CO2 increases
DIC without changing TA. Biogeochemical processes such as
organic matter production or remineralisation and calcium
carbonate (CaCO3) precipitation or dissolution influence both
DIC and TA. Seawater TA is further modified by the external
input of weathering fluxes, seawater-sediment interactions and
changes in the physical seawater properties (Ilyina et al., 2013a).
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2.2. Alkalinity Input Subroutine
The alkalinity input subroutine of González and Ilyina (2016)
is modified for this study to implement a volumetric weighting
scheme of the surface grid cells to account for variable layer
thickness and different input areas. The default subroutine
increases the prognostic TA tracer in the surface layer of the
ocean as a product of an alkalinity correction ratio (González
and Ilyina, 2016; González et al., 2018; Sonntag et al., 2018; Fröb
et al., 2020). We define the alkalinity input region using a two-
dimensional binary mask. The sum volume (Vsum(k, j, i)) of the
cells within the masked regions (mask(j, i)) are computed from
the layer thickness (D(k, j, i)) and cell area (A(k, j, i)), where the
indices represent the vertical (k) and horizontal grid dimensions
(j, i). In these experiments, TA is added only to the surface
layer (k = 1):

Vsum(1, j, i) =
∑

(D(1, j, i) · A(1, j, i) ·mask(j, i)) (3)

A spatially homogeneous input concentration of the TA tracer
(1TA) is then determined at each time-step as the quotient of a
TA input rate (δ TA) to the sum of the surface layer volume:

1TA(j, i) =
δTA

Vsum(1, i, j)
(4)

The input concentrations must be computed at each time-step
to consider the variable surface layer volume produced by the
free-surface implementation of the ocean primitive equations
(Marsland et al., 2003). The input concentration is then added
to the TA tracer computed by HAMOCC6.

2.3. Experimental Design
The coupled-ocean model is used in a standard MPIOM1.6 low-
resolution grid configuration (GR1.5) (Jungclaus et al., 2013)
and boundary conditions are prescribed using forcing datasets
(Röske, 2005; Poli et al., 2016). The GR1.5 configuration is a
rotated orthogonal curvilinear grid with a nominal horizontal
resolution of 1.5o and 40 vertical levels arranged such that the first
20 levels are within the upper 700m of the ocean (Jungclaus et al.,
2013). The system is forced at each 30 min time-step by surface
boundary conditions based on the European Centre forMedium-
rangeWeather Forecasts (ECMWF) ERA-20C re-analysis dataset
(Poli et al., 2016) with a reduced temporal resolution from 4- to
8-h. The forcing data is applied repetitively with a periodicity
of 25 years using the years 1905–1930 as used to reproduce a
pre-industrial ocean state in previous studies (DeVries et al.,
2019; Liu et al., 2021). These data are combined with continental
runoff forcing data for the OceanModel Intercomparison Project
(Röske, 2005).

Biological parameters in HAMOCC6 require tuning to
account for grid resolution features and coupling or forcing
frequencies (Mauritsen et al., 2019). Coupling or forcing
frequencies which resolve diurnal variations in incoming solar
radiation can produce a strong depletion of primary producer
standing stocks due to high night-time mortality of primary
producers in the model. The variables tuned in order to maintain
the nitrogen and carbon source-sink dynamics under these

TABLE 1 | Alkalinity enhancement input regions as illustrated in Figure 1, region

name abbreviation (code), region surface area and mean concentration of the

alkalinity input over the simulation period.

Region Code Area (× 106 km2) Concentration

(µmol m-3)

Global GLOBAL 297.991 7.961

Subpolar N. Atlantic SPNA 3.677 699.447

Subpolar N. Pacific SPNP 9.251 278.584

Subtropical N. Atlantic STNA 17.571 135.503

Subtropical N. Pacific STNP 34.856 67.074

Indian Ocean IND 19.354 118.351

Subtropical S. Atlantic STSA 14.819 158.958

Subtropical S. Pacific STSP 27.906 84.000

Southern Ocean SO 7.561 354.020

conditions are: the maximum growth and mortality rates of
cyanobacteria and the grazing rate on bulk phytoplankton
(Paulsen et al., 2017). Themaximum growth rate of cyanobacteria
is increased from 0.2 to 0.3 d-1, the cyanobacteria mortality
rate is reduced from 0.1 d-1 to 0.07 d-1 and the grazing rate
on bulk phytoplankton is reduced from 1 d-1 to 0.7 d-1. This
tuning produces a lower mean N2 fixation rate (∼68 Tg N a-1)
than the 82 Tg N a-1 which is reported for the MPI-ESM1.2-
LR configuration (Mauritsen et al., 2019), and is lower than the
range of observation-based estimates of 70–200 Tg N a-1 (Karl
et al., 2002; Großkopf et al., 2012). The resulting carbon export
(∼7.1 Gt C a-1) is greater than the 6.7 Gt C a-1 simulated in the
MPI-ESM1.2-LR (Mauritsen et al., 2019) but within the reported
range of export fluxes (3-20 Gt C a-1) (Najjar et al., 2007).

Ocean-only experiments are simulated over 75 years for a
pre-industrial control and for global and eight regional OAE
deployments (section 2.4) each with a fixed atmospheric CO2

mixing ratio of 280 ppm. The simulations are initialised from
a quasi-stable model state, which has been spun-up under
prescribed pre-industrial forcing (Röske, 2005; Poli et al.,
2016); the initial condition is taken 600 years after the last
change made during the model spin-up. This idealised set-up
permits the investigation of short-term impacts on the marine
carbonate system as a result of OAE for the mitigation of the
atmospheric CO2 mixing ratio. For comparability, the rate of
alkalinity enhancement described by Lenton et al. (2018) is
implemented; δTA = 0.25 Pmol a−1. While the surface areas
of the defined global and eight regions are constant throughout
the experiments, variations of surface wind speeds over time
in the atmospheric forcing produce fluctuations of sea surface
height, which lead to temporally varying volumes in the defined
surface layer. The input concentration relative to the constant
rate of alkalinity enhancement is modulated to account for these
volume variations. The surface area and spatiotemporal mean
input concentration deployed are presented in Table 1.

2.4. Definition of Regions
To evaluate the efficiency of regional OAE, eight regions are
defined based on a subset of physical conditions in order to
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FIGURE 1 | Map of the selected regions: Subpolar North Atlantic - SPNA (light yellow); Subtropical North Atlantic - STNA (yellow); Subtropical South Atlantic - STSA

(dark yellow); Subpolar North Pacific - SPNP (light cyan), Subtropical North Pacific - STNP (cyan); Subtropical South Pacific - STSP (dark cyan); Indian Ocean - IND

(magenta); Southern Ocean - SO (dark magenta). The Global alkalinity enhancement region (GLOBAL) is indicated by the triangular mesh overlay. Only ice-free,

open-ocean areas are included in the global and different regional definitions.

represent different hydrographic regimes in the global ocean. It
should be noted that regions are not selected with consideration
to real-world implementation. The eight selected regions are
oriented with respect to persistent, large-scale gyre systems:
the Subpolar and the Subtropical Atlantic and Pacific gyres; as
well as the Indian Ocean and the Southern Ocean (Figure 1).
We identify regions using the climatological (25-year) means
of sea surface temperature (SST), salinity (SSS), elevation
with respect to the geoid (SSH), the zonal and meridional
velocity components, and the horizontal velocity vector from
the pre-industrial control of the ocean-only MPIOM simulation.
Subpolar and subtropical gyres rotate in opposing directions,
producing variations in SSH due to Ekman transport, which
can be used to indicate the boundaries between adjacent
gyres (Knauss, 2005). We focus only on the open ocean and,
therefore, exclude regions with a climatological maximum sea-ice
concentration greater than 50% or areas shallower than 200 m.

We divide the Atlantic Ocean into three regions associated
with major wind-driven gyres. A SSH anomaly of –0.7 m is
used to indicate the division between the Subpolar North Atlantic
(SPNA) and the Subtropical regions. The Subtropical North
Atlantic (STNA) region is constrained with SSSs >35.8. The
Subtropical South Atlantic (STSA) region is bound by the strong
eastward South Atlantic and northwestward Benguela Current

systems. A region of weaker currents, with horizontal velocity
vector magnitudes <0.12 m s-1, exists between these boundary
currents and the South American continental landmass.

The Southern Ocean (SO) region is bound to the north by
the Antarctic Polar Front, which is defined by a horizontal SST
gradient of 0.01 K km-1 (Dong et al., 2006). This does not produce
a contiguous boundary in the model SST climatological mean.
Areas of 0.01 K km-1 occur along a contiguous 4 oC SST isotherm,
which is substituted for the northern regional boundary.

As with the Atlantic, we separate the Pacific Ocean into three
regions associated with major wind-driven gyres. We use the
subtropical front between the Pacific Ocean and the Southern
Ocean (SSS >34.6) as described by Chaigneau and Pizarro (2005)
to define the southern extent of the Subtropical South Pacific
(STSP) region. The Indo-Pacific Warm Pool as described by
Wyrtki (1989) is not considered representative of the Subtropical
South Pacific gyre, therefore SST >28 oC are excluded. Zonal (>-
0.08 m s-1) and meridional (>-0.09 m s-1) velocity conditions
are used to further constrain the STSP region. We define the
Subtropical North Pacific (STNP) region with SSH >0.75 m as
this provides a strong distinction in the western Pacific from
tropical latitudes. In the eastern Pacific, we use SSTs of 12–25 oC
to define a sector which agrees with the latitudinal extent of
the STNP SSH region and continues to the North American
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continental landmass as an eastern boundary. We characterise
the Subpolar North Pacific (SPNP) region with a SSH threshold of
<0.075 m. The Sea of Japan, South China Sea and Sea of Okhotsk
are not included in the North Pacific regions as they are not
representative of the open ocean.

The evaluation of climatological means precludes the
evaluation of parameters characterised by the strong seasonal
monsoon-cycle in the Northern IndianOcean (Shetye et al., 1991;
Schott et al., 2009; Vinayachandran et al., 2013). Therefore, the
Indian Ocean (IND) region is defined as the region north of the
strong, prevailing South Equatorial Current in the Indian Ocean
where the Red Sea, Gulf of Aden and Gulf of Oman are excluded.

2.5. Model Evaluation
We qualitatively evaluate the 75-year mean states of TA, DIC
(Figure 2) and alkalinity sensitivity (Figure 3) from the control
experiment against mapped climatologies (Lauvset et al., 2016)
based on the Global Ocean Data Analysis Project version 2 data
product (GLODAPv2; Olsen et al., 2016). Due to differences in
vertical resolution, the surface layer of the model (0–12 m) is
compared to the vertical-mean of the topmost two layers (0 m, 10
m) of the mapped climatologies. Unit conversions are performed
on model TA and DIC data using local seawater density
approximations derived from surface potential temperature and
practical salinity data using the Gibbs Seawater Oceanographic
Toolbox (TEOS-10; McDougall and Barker, 2011). We evaluate
the surface distributions of TA and DIC in the model (Figure 2E)
as the magnitude of the carbon-uptake response to OAE is
dependent on the background state of the simulated marine
carbonate system (Köhler et al., 2010).

We find that the large-scale pattern of observed surface
TA is well reproduced by the model (Figures 2A,B). However,
TA is consistently underestimated in the pre-industrial control
simulation, with a global annual mean of 2196±97 µmol kg-1,
compared to the mapped present-day surface climatology with
a global mean of 2297±72 µmol kg-1. The TA anomalies are
heterogeneously distributed but uniformly negative across the
global ocean (Figure 2C). The underestimation is the result of
model tuning toward a net global CO2 flux of 0 GtC a-1 between
the ocean and atmosphere. However, the order of magnitude of
TA anomalies in our experiments has been found acceptable in
previous model studies (Keller et al., 2012; Ilyina et al., 2013a;
Matear and Lenton, 2014). Note that the difference between
present-day and pre-industrial surface TA is assumed to be
minor (Sarmiento and Gruber, 2006; Middelburg et al., 2020).
Typically, TA covaries with salinity (Middelburg et al., 2020),
and the control (Figure 2B) successfully captures the pattern of
high TA at subtropical latitudes, lower TA in equatorial, subpolar
and polar regions and generally higher TA in the Atlantic than
at similar latitudes in the Pacific. Larger positive and negative
anomalies (Figure 2C) are displayed in regions associated with
strong circulation regimes, marginal coastal and shelf sea regions
and regions associated with strong freshwater fluxes, such as
where the Arctic Ocean is influenced by Siberian river systems.

The model control (Figure 2E) also captures the large-
scale distribution of surface DIC concentrations, while
consistently underestimating the concentrations compared

to the GLODAPv2 pre-industrial climatology (Figure 2D). The
global mean surface DIC concentration of the model control
is 1904±99 µmol kg-1, in contrast to that of the mapped
pre-industrial climatology, which is 1966±84 µmol kg-1. The
dominant drivers of the latitudinal surface DIC distribution
of the GLODAPv2 climatology are temperature and vertical
circulation regimes (Wu et al., 2019). The control simulation also
exhibits a pattern of surface DIC with the highest concentrations
in the Southern Ocean and the lowest concentrations in the
coastal equatorial Pacific and eastern Indian Ocean (Figure 2E).
The Arctic Ocean and Southern Ocean feature the largest
anomalies. While the Arctic Ocean anomalies appear related
to the surface TA anomalies, the surface DIC anomalies in the
Southern Ocean may indicate poorly resolved vertical circulation
in the Weddell Sea. However, the heterogeneity of the anomalies
in the open ocean regions pertinent to this study (Figure 2F)
indicate that these drivers are sufficiently resolved to reproduce
the pattern of surface DIC concentrations.

Finally, we evaluate the alkalinity sensitivities derived
from the model data (Figure 3B) against those derived from
the GLODAPv2 climatology (Figure 3A). Alkalinity sensitivity
describes the change in the seawater partial pressure of CO2 to a
molar increase of TA (Sarmiento and Gruber, 2006). Therefore, a
smaller alkalinity sensitivity indicates a stronger reduction in the
partial pressure and a greater sensitivity of the marine carbonate
system to TA. We find that the model (Figure 3B) captures
the large-scale pattern of alkalinity sensitivity derived from
the observational climatology (Figure 3A), where the alkalinity
sensitivity increases with latitude (Egleston et al., 2010). However,
the model underestimates the alkalinity sensitivity of the marine
carbonate system (0.6±0.7) and exhibits a weaker latitudinal
gradient. The anomalies are spatially heterogeneous but are
greatest in the Southern Ocean and Subpolar North Pacific and
least in the equatorial Pacific and Atlantic (Figure 3C). The
underestimation is acceptable for the purposes of this study but
the weaker latitudinal gradient reduces the differences between
the regional alkalinity sensitivity responses to OAE.

3. RESULTS

3.1. Global Carbon-Uptake Potential
The global and regional OAE experiments illustrate varying total
ocean carbon uptakes in response to OAE. After 75 years, the
total mean DIC inventories increase by 82–175 PgC (Figure 4).
There is an initial non-linear increase in the rate of CO2

sequestration and then near-linear inventory increases for the
latter 65–70 years of the different experiments. Only the Southern
Ocean (SO; 175 PgC) and Subpolar North Pacific (SPNP; 160 PgC)
regional OAE simulations sequester more CO2 than the Global
OAE (157 PgC). In contrast, the Subpolar North Atlantic (SPNA)
experiment displays the least carbon-uptake (82 PgC).

The same mass of alkalinity is added to each region; however,
the actual impact of the alkalinity enhancement on surface
TA concentrations depends on the area size of each region
(Table 1). For example, the carbon uptake in the Global OAE
experiment, which has the largest surface area and lowest
input concentrations, is exceeded only by the SO and SPNP
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FIGURE 2 | Maps of total alkalinity (A–C) and dissolved inorganic carbon (D–F) of the (A,D) GLODAPv2 mapped climatology (Lauvset et al., 2016) surface

vertical-mean, (B,E) 75-year mean surface model control state and (C,F) surface anomalies between the model control and the GLODAPv2 datasets.

FIGURE 3 | Maps of alkalinity sensitivity derived from the (A) GLODAPv2 climatology surface vertical-mean and (B) 75-year mean surface model control state and (C)

alkalinity sensitivity anomalies between the alkalinity sensitivities derived from the model control and GLODAPv2 datasets.

regional experiments, which have the second and third smallest
surface areas and highest input concentrations of the regional
experiments. However, the SPNA region, which has the smallest
area and highest input concentration, sequesters the least CO2

over the course of the experiment. Therefore, neither the
surface area of the input region nor the subsequent input
concentration directly regulates the carbon-uptake potentials
between experiments.

The availability of the additional TA in the surface, where
it influences the carbon-uptake potential, is controlled by the
different hydrodynamic regimes between the selected regions.
We refer to the total surface availability of enhanced alkalinity
after vertical export as surface retention. The evolution of the
total mean depth profile through time illustrates the influence
of vertical export to surface retention (Supplementary Figure 1).
The range of surface retention varies from the SPNP experiment,
with the greatest total TA anomaly of 0.73 Pmol, to the SPNA,
which exhibits the smallest total TA anomaly of 0.12 Pmol

(Figure 5A). The increase of the total surface TA anomaly
in each experiment is non-linear with a greater rate of
increase initially, which decreases over the simulation period.
The growth rates of the total surface TA anomaly for the
Subtropical North Pacific (STNP) and Subtropical South Pacific
(STSP) regional simulations are near-linear after an initial rate
decrease. The Indian Ocean (IND), SPNP, STNP and STSP
regions exhibit greater total surface TA anomalies after 75
years than the Global experiment, while only the SPNP and
IND regions exceed the carbon-uptake in response to Global
OAE. The surface retention of TA after 75 years of Global
alkalinity enhancement (0.48 Pmol) also exceeds that of the SO
experiment (0.34 Pmol). The total surface availability of TA,
therefore, does not determine the carbon uptake response in
our experiments.

Renforth and Henderson (2017, Equation 11) illustrate that
carbon uptake is influenced by the mean ratio of 1DIC to 1TA,
which we refer to as carbon-uptake efficiency. The carbon-uptake
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efficiencies of the Global and regional OAE experiments decrease
at different rates over time in response to alkalinity enhancement
(Figure 5B). The SPNA region displays the largest decrease of –
0.069 mol C mol-1 H+ and the Global shows the least decrease of
–0.007mol Cmol-1 H+. The SO carbon-uptake efficiency remains
greater than that of the Global experiment throughout the 75-
year simulation. While the SPNP initially has a carbon-uptake
efficiency greater than the Global, the carbon-uptake efficiency
declines in the first 5–10 years to efficiencies comparable with
those of the STNP and STSP regions for the remainder of the
experiment. This initial rate of decrease within the first 5–10 year

FIGURE 4 | Time series of total dissolved inorganic carbon inventory anomaly

against time for the global (dashed) and different regional (solid) ocean

alkalinity enhancement experiments.

period is present in all of the regional OAE simulations. We
find no correlation between the regional mean carbon-uptake
efficiency (Figure 5B) and the total DIC inventory anomalies
(Figure 4).

Neither the surface retention of TA nor the regional carbon-
uptake efficiency are found to be predictors of the carbon
uptake response to OAE. If the additional TA is retained in
the input region then the total DIC inventory anomalies should
be a function of the surface TA anomalies and the regional
mean carbon-uptake efficiency. However, as this is not case, it
indicates that there is horizontal export of additional TA from

FIGURE 6 | Time series of the percentage of total surface total alkalinity

anomalies within the defined region over time for the global and different

regional ocean alkalinity enhancement experiments.

A B

FIGURE 5 | Time series of (A) the total surface total alkalinity anomaly and (B) the carbon-uptake efficiency (Renforth and Henderson, 2017) over time for the global

and regional artificial ocean alkalinity experiments.
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the input region. Therefore, the surface TA anomalies are not
confined to the input regions and the significance of the surface
redistribution must be considered.

3.2. Influence of Total Alkalinity Surface
Distribution on Carbon Uptake
The influence of the TA distribution in the surface ocean is
evident when comparing the simulated (Figure 4) and predicted
total DIC inventory changes, for example in the Global and
Southern Ocean (SO) alkalinity enhancements. More carbon is

sequestered over the course of the simulation in the SO than
in the Global OAE experiment despite the SO having smaller
surface TA anomalies (Figure 5A). While the Global region has
a lower carbon-uptake efficiency (Figure 5B), this is insufficient
to explain the response observed. If the surface TA anomalies
(Figure 5A) are totally retained within the input regions and the
input regions take up carbon at the regional mean carbon-uptake
efficiencies (Figure 5B), then the Global experiment would be
expected to sequester 213 PgC after the 75 years. In the same
scenario, we would expect 162 PgC to be sequestered by the

FIGURE 7 | Maps of (A,B) surface total alkalinity anomaly and (C,D) vertically-integrated total alkalinity anomaly for the (A,C) Global and (B,D) Southern Ocean ocean

alkalinity enhancement experiments.
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end of the SO experiment. Therefore, the simulated total DIC
inventory changes for the Global experiment is less efficient
than those predicted, while the SO experiment is more efficient
(Figure 4); these divergences are attributed to the export of
additional alkalinity from the input regions.

We illustrate this horizontal export of additional TA with the
proportion of total surface TA anomalies which remain within
the input region. The percentage of the total surface TA anomaly
present within the input region for each experiment decreases
non-linearly over time (Figure 6). The Global OAE simulation
exhibits the greatest proportion of the total surface TA anomaly
within the defined input region by the end of the experiment.
However, within the first 2 years, the Subtropical South Atlantic
(STSA) and Subtropical South Pacific (STSP) regions display
greater proportions than the Global. The STSA and STSP also
show the largest changes in proportion after 75 years, while the
smallest change occurs in the Subpolar North Atlantic (SPNA)
experiment. At the end of the simulation, the Subtropical North
Atlantic (STNA) has the greatest proportion of total surface TA
anomaly, while the SO is found to have the least out of the
different regional OAE simulations. We find that the horizontal
and vertical export of additional TA from the surface input region
varies dependent upon the prevailing hydrodynamic regimes.

The patterns of surface and vertically-integrated TA anomalies
from the Global experiment give insight into the mechanisms
that distribute alkalinity across the surface ocean and to depth.
The annual mean surface TA anomalies are heterogeneously
distributed at the end of the 75 year Global OAE simulation, with
higher concentrations at subtropical latitudes (Figure 7A). The
smallest annual mean surface TA anomalies are found outside
the input region, with greater invasion of TA to the Arctic
Ocean than south of the seasonally ice-covered areas in the
Southern Ocean. Smaller annual mean surface TA anomalies
also occur in the eastern subtropical Atlantic and Pacific and
in the eastern tropical Pacific. Similar annual mean surface
TA anomaly features are present in the western subpolar
Atlantic and Pacific. The vertically-integrated TA anomalies are
also heterogeneously distributed, with the greatest anomalies
occurring within the Arctic Ocean (Figure 7C). The vertically-
integrated TA anomalies within the North Atlantic are greater
than those of the other major ocean basins. There is an increasing
east-west gradient in the vertically-integrated TA anomalies of
the subtropical and equatorial regions, while the subpolar North
Pacific has an inverse gradient, increasing west to east.

The distributions of surface and vertically-integrated TA
anomalies differ considerably in the SO experiment compared
with the Global. At the end of the 75 year simulation, the annual
mean surface (Figure 7B) and vertically-integrated TA anomalies
(Figure 7D) dominate the southern subpolar and subtropical
latitudes with minor anomalies found in regions of the northern
hemisphere. The greatest annual mean surface TA anomaly is
found in the Indian Ocean sector of the SO region, while the
greatest vertically-integrated anomaly is located in the South
Atlantic. Surface TA anomalies are present in the northern Indian
Ocean and North Atlantic, however the feature in the Indian
ocean is not contiguous with other surface TA anomalies. The
low surface TA anomalies displayed by the southern subtropical

TABLE 2 | Major oceans following International Hydrographic Organization region

definitions, their mean carbon-uptake efficiency and the percentage of total

surface total alkalinity anomaly and total alkalinity inventory anomaly within the

region for the Global and Southern Ocean (SO) ocean alkalinity enhancement

experiments.

Efficiency % of Surface TA % of TA Inventory

IHO Region (mol C mol-1 H) Global SO Global SO

Arctic Ocean 0.869 2.5 0.5 3.2 0.5

N. Atlantic Ocean 0.813 13.9 7.0 18.0 5.3

S. Atlantic Ocean 0.823 10.4 17.2 10.0 15.9

Indian Ocean 0.821 19.3 28.1 19.9 33.3

N. Pacific Ocean 0.798 26.0 6.6 21.8 3.6

S. Pacific Ocean 0.811 24.1 35.2 23.9 37.0

Southern Ocean 0.893 0.4 4.4 0.5 4.1

Indian Ocean appear to continue south around the African
coastline to the South Atlantic. The disconnection of the
northern Indian Ocean surface TA anomalies is not shared by the
vertically-integrated TA anomalies. Large vertically-integrated
TA anomalies occur in the southern subtropical Indian Ocean
and Tasman Sea. The Arctic Ocean and the North Atlantic Ocean
also display small vertically-integrated TA anomalies which are
not apparent in the surface distribution of TA anomalies. There
are no apparent east-west gradients of vertically-integrated TA
anomalies across the southern subtropical regions in the SOOAE
experiment such as those in the same regions of the Global.

The greater CO2 sequestration exhibited by the SO compared
to the Global OAE simulation is likely the result of the
different surface TA anomaly distributions across regions of
varying carbon-uptake efficiency. The patterns of annual mean
surface and vertically-integrated TA anomalies for all of our
experiments are illustrated in Supplementary Figures 2, 3. For
comparability, we now consider the regional mean carbon-
uptake efficiencies and patterns of surface TA anomalies and
TA inventory anomalies with respect to the major ocean
basins (Table 2) as defined by the International Hydrographic
Organization (IHO; 1953). At the end of the SO simulation, there
are greater proportions of the surface TA anomalies present in the
South Atlantic and South Pacific, which exhibit greater regional
mean carbon-uptake efficiencies than the North Atlantic and
North Pacific. In contrast, the Global experiment displays greater
proportions of surface TA anomalies in the less efficient North
Atlantic and North Pacific (Table 2).

Carbon uptake is constrained by transport of added alkalinity
through horizontal advection to regions which inhibit CO2

uptake and by vertical convection away from the ocean surface.
The Southern Ocean and Arctic Ocean display the greatest
regional mean carbon-uptake efficiencies (Table 2). However,
due to the influence of seasonal or permanent sea-ice cover,
which is assumed in HAMOCC6 to prevent CO2 uptake (Ilyina
et al., 2013a), TA exported to the Southern Ocean and Arctic
Ocean has a negligible influence on carbon uptake. The larger
proportion of TA inventory relative to the surface TA present
in the North Atlantic after 75 years in the Global simulation
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(Table 2) illustrates the removal of TA from the surface by
seasonal deep convection (Lazier et al., 2002; Sayol et al., 2019).
The withdrawal of TA from the surface reduces how much
additional TA is available to increase the buffering capacity and
enhance the carbon-uptake potential in the North Atlantic. In the
Global experiments, this presents a trap for the added alkalinity
that has less impact in the SO alkalinity enhancement due to the
pattern of surface TA (Figure 7).

3.3. Impact of Ocean Alkalinity
Enhancement on Alkalinity Sensitivity
The total marine carbonate system becomes less sensitive to TA
in all of our alkalinity enhancement experiments. The total mean
alkalinity sensitivity increases non-linearly with respect to the
total mean surface TA, where the rate of increase displays varying
rates of decline between the different simulations (Figure 8A).
The Southern Ocean (SO) OAE experiment has the lowest total
annual mean alkalinity sensitivity which increases by 0.03 in
the first year and increases at a slower rate in the following
years. The greatest total mean alkalinity sensitivity (-8.51) occurs
in the Indian Ocean (IND) simulation. The Subpolar North
Atlantic (SPNA) and Subtropical North Atlantic (STNA) OAE
experiments do not exhibit decreases in the alkalinity sensitivity
growth rate within the range of surface TA simulated.

The marine carbonate system also becomes less sensitive
regionally in all experiments except for the SPNA alkalinity
enhancement, where sensitivity increases. The regional mean
alkalinity sensitivities vary non-linearly with respect to the
regional mean surface TA, where alkalinity sensitivity increases to
a plateau in all of the OAE simulations, except for the SPNA and
SO (Figure 8B). The SO exhibits the greatest increase of regional
mean alkalinity sensitivity (+1.16) with the smallest range of
regional mean surface TA (230 mmol m-3) of the regional
experiments. The IND, STNA and Subtropical North Pacific
(STNP) OAE simulations exhibit similar increases of regional
mean alkalinity sensitivity (0.58-0.60) at different magnitudes
of alkalinity sensitivity. The STNA and STNP OAE simulations
exhibit smaller increases of regional mean alkalinity than the
Subtropical South Atlantic (STSA) or Subtropical South Pacific
(STSP), respectively. The regional mean alkalinity sensitivity
for the SPNA initially increases to a maximum of –6.90 with
a regional annual mean surface TA of 2966 mmol m-3 before
decreasing below the initial sensitivity to –7.24 at the end of
the simulation.

4. DISCUSSION

4.1. Drivers of the Marine Carbonate
System Response to Alkalinity
Enhancement
The physical regimes within MPIOM, which drive the
distribution of added alkalinity, represent real-world processes
but are resolved with biases resulting from implementation,
resolution and parameterisation choices (Jungclaus et al.,
2013). The distribution of surface TA anomalies in the Global
experiment (Figure 7A) is attributed to the pattern of prescribed

freshwater fluxes (i.e., evaporation/ precipitation; Middelburg
et al., 2020) and the resolved wind-driven circulation (Knauss,
2005). Surface TA is concentrated at subtropical latitudes
by prevailing evaporation and anticyclonic gyre circulation
(Figure 7A). Surface water is transported toward gyre cores, near
the relative western boundaries, where it is forced downward by
Ekman Pumping (Knauss, 2005); downward advection of added
alkalinity produces the vertically-integrated TA anomalies in the
western subtropics (Figure 7C). The downwelling circulation
at subtropical latitudes is balanced by coastal upwelling,
which raises deeper water (Knauss, 2005) without alkalinity
enhancement to the surface, leading to the low anomalies
displayed in Figure 7A. TA transported by surface currents
into the Arctic Ocean (Karcher et al., 2012; Rudels, 2015) is
trapped at depth by thermohaline convection, which leads to
the contrast between the relatively large vertically-integrated TA
anomalies and the relatively small surface TA anomalies. The
divergence of upwelling water masses at the subpolar front of
the Southern Ocean (van Heuven et al., 2011; Sévellec et al.,
2017) inhibits the southward invasion of TA in the Global
OAE simulation and produces the northward transport of TA
exhibited by the Southern Ocean (SO) experiment. We show
that the redistribution of additional TA is driven by physical
circulation and ventilation and, therefore, is model dependent.

While the physical regimes drive the distribution of added
alkalinity, the background state of the carbonate system drives
the different local responses to OAE. Note that the increases
visualised in Figure 8 represent a decrease of the pCO2 reduction
per mole of TA added (Sarmiento and Gruber, 2006) and,
subsequently, the system is less sensitive to further TA input.
The increase of the total mean alkalinity sensitivity (Figure 8A)
is attributed to the enhanced sequestration of CO2 due to OAE,
which dissociates to introduce further hydrogen ions. These
counter the TA input and additional TA is then required to
produce an equivalent change of the oceanic pCO2. This effect,
and the resulting change in sensitivity, is enhanced by the
prescription of the atmospheric CO2 mixing ratio. OAE reduces
the atmospheric CO2 growth rate in ESMs with interactive
atmospheric CO2 mixing ratios (Keller et al., 2014; González and
Ilyina, 2016; Lenton et al., 2018), weakening the atmosphere-
ocean concentration gradient. The decreased rate of change of the
alkalinity sensitivity is related to the DIC:TA ratio. Egleston et al.
(2010) illustrate that seawater buffer factors approach minima,
where DIC:TA ratios approach one. The SO OAE simulation
exhibits the highest DIC:TA ratio and the smallest change in
total mean alkalinity sensitivity (Figure 8A). In contrast, the
Indian Ocean (IND) experiment displays the lowest DIC:TA
ratio and the greatest change in total mean alkalinity sensitivity.
The wider implications of these responses suggest that when
the rate of TA input exceeds the rate of carbon uptake,
hydrogen ion concentrations become increasingly small. There
are fewer hydrogen ions to be neutralised by additional alkalinity
enhancement and, therefore, an increasingly weak impact on
the atmosphere-ocean CO2 concentration gradient (Zeebe and
Wolf-Gladrow, 2003; Middelburg et al., 2020).

We show that physical regimes, which control patterns of
TA and DIC, in combination with the non-linearity of buffer
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A B

FIGURE 8 | (A) The total annual mean surface alkalinity sensitivity against the total annual mean surface total alkalinity and (B) the regional annual mean surface

alkalinity sensitivity against the regional annual mean surface total alkalinity for the global and different regional ocean alkalinity enhancement experiments.

factors (Egleston et al., 2010) drive the regional alkalinity
sensitivity response to OAE. The regional mean surface TA
anomalies are inhibited in the SO region by the surface current
connections to the Atlantic, Indian and Pacific Oceans. The
Subpolar North Atlantic (SPNA) however, is constrained by land
boundaries with limited connections to the Arctic Ocean and
North Atlantic but experiences stronger seasonal vertical mixing/
diffusion due to wind stress than regions at lower latitudes
(Kara et al., 2003). This seasonal vertical mixing/ diffusion
drives the removal of TA and DIC from the surface ocean in
the SPNA region (Supplementary Figures 2C, 3C). This permits
the accumulation of the TA tracer and strong carbon uptake
when the seasonal mixed-layer depth is shallow and the strong
reduction of the surface signal with the seasonal deepening
of the mixed-layer. The decreasing regional mean alkalinity
sensitivity at high regional mean surface TA (Figure 8B) is
likely due to the relatively low surface DIC concentrations. This
occurs as the TA input rate is greater than the carbon uptake
leading to lower DIC:TA ratios. In comparison, we consider
that this does not occur in the Subpolar North Pacific (SPNP)
region, which also exhibits high regional mean surface TA,
because the SPNP experiences weaker vertical turbulent mixing/
diffusion. TA and DIC accumulate in the shallow surface mixed
layer of the SPNP region, leading to a higher DIC:TA ratio
(Supplementary Figures 2B, 3B). The surface concentrations of
DIC and TA produce a lower regional mean alkalinity sensitivity
in the SPNA than the SPNP (Figure 8B), despite the local
DIC:TA ratios, due to the non-linear buffer factor responses
(Egleston et al., 2010).

4.2. Comparisons of Modelled Regional
Ocean Alkalinity Enhancement
The CO2 sequestration of the Global OAE experiment is greater
than expected from the results of Keller et al. (2014) or Lenton

et al. (2018); this is likely due to the different representation of
physical and biogeochemical processes in the different models.
The total integrated DIC inventory change of the Global OAE
experiment (+156.9 PgC; Figure 4) is greater than that of the
global OAE simulation of Lenton et al. (2018) under the RCP2.6
scenario (+143.1 PgC). This is unexpected because Lenton et al.
(2018) show that under the same OAE application, more CO2 is
sequestered at higher atmospheric CO2 concentrations. Lenton
et al. (2018) and Keller et al. (2014) find comparable total
integrated DIC inventory changes under the RCP8.5 scenario,
despite implementing different ESMs. The respective ESMs with
their divergent process representations under transient climate
scenarios are substantially different from the idealised ocean-only
MPIOM-HAMOCC with prescribed pre-industrial climate. For
instance, feedbacks between the ocean and other components of
the climate system are absent in our set-up.

Beyond the variations of structure, formulation and resolution
between models used in OAE studies, the physical and
biogeochemical conditions of the pre-industrial climate-state
are likely to be more sensitive to OAE than the present or
predicted future climate-states. The pre-industrial climate-state
(section 2.3) exhibits lower surface water temperatures and,
respectively, greater CO2 solubilities than the 21st century
simulations conducted by Keller et al. (2014) and Lenton et al.
(2018), which would be expected to enhance carbon uptake.
Additionally, while wind-driven surface circulations have not
changed significantly with climate change, enhanced ocean
stratification is weakening vertical mixing (Bindoff et al., 2019);
it is not clear to what extent these differences are resolved
between the different models. Furthermore, the sensitivities of
the marine carbonate system are expected to decrease with
ongoing anthropogenic climate change (Egleston et al., 2010;
Lenton et al., 2018), which increases the mass of TA required to
produce the same response in the marine carbonate system.
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The fixed atmospheric CO2 mixing ratio in this study, in
contrast to studies using ESMs with emission scenarios, limits
the transferability of our findings to the real-world. We cannot
directly assess growth rate changes in the atmospheric CO2

mixing ratio in response to OAE, which is a topic of extensive
study (Ilyina et al., 2013b; Köhler et al., 2013; Keller et al.,
2014; González and Ilyina, 2016; Lenton et al., 2018; Sonntag
et al., 2018; Fröb et al., 2020). Furthermore, the assumption of
a constant atmospheric CO2 mixing ratio is valid considering
that the annual sequestration rates we describe (1.1-2.3 GtC a-1)
are lower than both the estimated range of the natural ocean
carbon uptake (1.9–3.1 GtC a-1) and anthropogenic emissions
(8.9–9.9 GtC a-1) in the present (Friedlingstein et al., 2020).

Previous studies on regional applications of OAE illustrate
the sensitivity of carbon-uptake potential to application area
and mass of TA added. We find that both the Southern Ocean
(SO; +18 PgC) and Subpolar North Pacific (SPNP; +3 PgC)
OAE simulations sequester more carbon than the Global, while
the Subpolar North Atlantic (SPNA) sequesters less (–75 PgC;
Figure 4). Lenton et al. (2018) implement the same TA input
rate (section 2.3) but apply TA homogeneously in latitudinal
bands without consideration for different physical regimes. Their
experiments display similar changes in total integrated carbon
uptake for global and regional OAE with little sensitivity to
the OAE application region (Lenton et al., 2018). In contrast,
Ilyina et al. (2013b) describe TA experiments designed to
counter CO2 emissions with a relative TA input rate. A CO2

drawdown by regional OAE equivalent to a global application
is illustrated, when TA is added to both the North Atlantic and
North Pacific. Their results indicate a sensitivity to the OAE
application region and also reveal a weaker CO2 sequestration
by regional OAE in the subpolar North Atlantic compared to the
subpolar North Pacific or Southern Ocean (Ilyina et al., 2013b).
The homogeneous distribution of TA in subpolar latitudes by
Lenton et al. (2018) may have reduced the effectiveness of the
regional application due to the weaker response of the SPNA
compared with other subpolar regions described here and by
Ilyina et al. (2013b).

4.3. Implications for Future Ocean
Alkalinity Enhancement Studies
While HAMOCC6 resolves biological processes which influence
TA (Ilyina et al., 2013a), there are no mechanisms by which
the addition of the implemented conceptual TA tracer can
directly affect the biological compartments. OAE influences
environmental conditions such as increased calcite saturation
states and pH (Feng et al., 2017; Renforth and Henderson,
2017; Gore et al., 2019) and indirectly impacts others,
such as trace metal concentrations (Hartmann et al., 2013;
Köhler et al., 2013) including iron. In some regions, elevated
concentrations of iron in the surface ocean may have a fertilising
effect on oceanic phytoplankton, which could subsequently
enhance the biological carbon pump (Köhler et al., 2013;
Bach et al., 2019). However, unlike anthropogenic ocean
acidification, where the effects on biota, ecosystems and
human communities are undergoing continual research (Doney

et al., 2020), the consequences of alkalinity enhancement
(Bach et al., 2019; Gore et al., 2019) are less frequently
investigated. Therefore, due to sparse information, bulk
phytoplankton, cyanobacteria and zooplankton are implemented
within HAMOCC6 with constant mortality rates and cannot
respond to extremes of biogeochemical variables (Ilyina et al.,
2013a) such as those which occur in the subpolar regional
OAE simulations.

In its present state, HAMOCC6 has only limited potential
to explore biological feedbacks resulting from OAE. An
explicit representation of alkalinity-enhancing minerals (e.g.,
olivine or lime) as tracers in the model would provide
additional details related to the Earth system response to
OAE. The implementation of bulk phytoplankton, cyanobacteria
and zooplankton in HAMOCC6 cannot resolve community
assemblage shifts in response to ocean acidification or alkalinity
enhancement (Beszteri et al., 2018; Hoppe et al., 2018; Taucher
et al., 2018); however, it can still be used to test the "white or green
ocean hypothesis" described by Bach et al. (2019). This hypothesis
suggests that lime-based OAE would benefit carbonaceous
species (i.e., coccolithophores), leading to a whitening of the
ocean-colour. In contrast, an olivine-based OAE scenario would
benefit siliceous species (i.e., diatoms) and iron-limited but
not nitrogen-limited production by cyanobacteria, leading to a
greening (Bach et al., 2019). Furthermore, the representative
tracers could be used to test their different carbon-uptake
potentials with respect to a variable biological carbon pump
beyond the previous works of Keller et al. (2014), González and
Ilyina (2016), and Lenton et al. (2018).

The response of regional OAE is expected to evolve with
changing climate due to physical feedbacks in the climate
system. The weakening of buoyancy-loss driven overturning
circulations predicted by ESM simulations (Bindoff et al., 2019)
could reduce the strong seasonal surface removal in the Subpolar
North Atlantic (SPNA) and enhance the effectiveness of OAE.
Furthermore, with the assumption of sea-ice impermeability to
gas exchange (Ilyina et al., 2013a), reduced sea-ice extents and
concentrations due to climate change (Meredith et al., 2019)
could enhance carbon uptake in high-latitude regions where the
added TA is transported to current seasonally or permanently ice-
covered regions. The dependence of the marine carbonate system
on temperature and salinity, which evolve with climate (Bindoff
et al., 2019), would also be expected to modify biogeochemical
sensitivities to OAE over time.

The short duration of most OAE simulations does not
illustrate the long-term climate system response, limited studies
suggest an acceleration of anthropogenic climate change with
the cessation of OAE. The relatively short simulation period
(75 years) is comparable with previous regional and global OAE
simulations (Ilyina et al., 2013a; Keller et al., 2014; González
and Ilyina, 2016; Lenton et al., 2018; Sonntag et al., 2018).
These durations are suitable for testing immediate mitigation
of the atmospheric CO2 mixing ratio but provide very limited
information relating to the response of the ocean interior or
long-term effects on the climate system. The sequestration of
carbon to the deep ocean has the potential to trap the carbon on
centennial-millennial timescales due to deep-ocean ventilation
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times (Khatiwala et al., 2012). Previous studies of the long-
term effects of alkalinity enhancement and the termination
of alkalinity enhancement indicate a climate system response
of accelerated warming and acidification (González et al.,
2018). This suggests that the sequestered CO2 is not contained
within centennial-millennial reservoirs during such short-term
alkalinity enhancement experiments.

5. SUMMARY AND CONCLUSIONS

The purposes of this study have been: first, to quantify the
influence of regional, in contrast to global, deployments of
OAE on CO2 sequestration; and second, to analyse the impact
of OAE on the alkalinity sensitivity in different global and
regional experiments. We considered the regional variations with
the underlying assumption that they are driven by differences
between the dominant physical regimes and biogeochemical
background states. Our analyses were based on experiments
of OAE deployments, which were simulated for 75 years in
the ocean-only MPIOM-HAMOCC model with a pre-industrial
atmospheric forcing. Alkalinity was enhanced globally and in
eight distinct regional experiments, which were selected to
represent different hydrodynamic regimes.

Carbon uptake of regionally deployed OAE ranged between
82 and 175 PgC compared to the Global, where 157 PgC was
sequestered; therefore, regional alkalinity enhancement has the
potential to take up greater and lesser masses of carbon than
when deployed globally. Between the different OAE experiments,
the total mean alkalinity sensitivity increased by 0.09–0.37 with
enhanced alkalinity. In contrast, the regional mean alkalinity
sensitivities increased by 0.18–1.06 with increasing alkalinity
in all experiments, except for the Southern Ocean, which was
dominated by internal variability, and the Subpolar North
Atlantic, which decreased by a maximum of 0.19 from its initial
state. These regional differences are attributed to the prevailing
physical circulation, driving the surface distribution of the added
alkalinity, and the initial state of the marine carbonate system, as
the alkalinity sensitivity is dependent upon the background DIC
and TA.

In conclusion, enhancing alkalinity in smaller regions across
the ocean’s surface has the potential to exceed carbon uptake
in response to global implementations, when hydrodynamic
regimes are considered.
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